INTRODUCTION
As part of a biological assessment of a prime wetland habitat, a water budget was developed for several wetland areas that may be impacted by a proposed highway bypass and commerciallindustrial development. The purpose of the study is to develop recommendations for methods to maintain the existing wetland hydrology in light of development pressures. This paper describes the methods used to monitor wetland conditions and the development of a series of groundwater and surface water models to predict the impacts of potential development within the watershed.
PROJECT DESCRIPTION
The 8.8 km' watershed is primarily composed of agricultural lands. No-till farming methods are used to produce seasonal corn, wheat, and soybean crops. There are two main sites of concem within the watershed.
These areas are of interest due to the sensitive wetlands habitats located within the watershed. The relative location of these sites is shown in Figure 1 .
A highway bypass has been proposed around a neighboring town. This highway will transect the watershed from north to south. In conjunction with the bypass, a large industrial park has been proposed within the watershed. As a result, three separate surface water models were developed: construction of the bypass; construction of the bypass and the eastern portion of the industrial park; construction of the bypass and the entire industrial park. Construction of the industrial park is proposed in two distinct stag@s: east of the bypass and then west of the bypass.
The study area, which contains two wetland habitats, is bounded by state highways to the east and south, and a river to the west and north. Site # I is approximately 0.4 km with one minor tributary. Site #2 is approximately 1.9 km', with several minor tributaries traversing it. On average, the watershed receives approximately 112 cm of rainfall a year. During the study period (September 1 through August 31), 121.4 cm of rainfall was measured.
' Civil Engineer, Parsons Brinckerhoff, Inc., 1528 Walnut St., Suite 400, Philadelphia, PA 19012, phone: 215-790-2315 
wetiana uescription
Parsons Brinckerhoff examined two primary bog turtle sites in this analysis. Each site is located near perennial streams and numerous groundwater seeps and springs. Bog turtles burrow into the soft, mucky wetland substrate up to 60 cm below the ground surface. The wetlands in this study experience year round artesian conditions. The artesian conditions create a "quick" mud condition allowing the turtles to easily burrow into the ground. The continuous groundwater flow into the wetland helps to maintain a relatively constant wetland temperature.
Site #I is located in the northern portion of the study area close to agricultural farmland and a residential subdivision. It contains one bog turtle wetland and is comprised of 10% wetlands and 9% impervious area such as roads and buildings. The contributing watershed area is approximately 0.2 km2. A small stream runs directly through Site#1.
It ' ," comprised of 4% wetlands and 3% impervious area with a contributing watershed area of approximately 1.5 km . Site #2 contains three streams that join just downstream of the bog turtle habitats. None of the streams run directly into either bog turtle habitat. Local developers want to convert the current agricultural and forested lands
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Site #2 contains a pair of prime bog turtle habitats and is currently agricultural and forested lands.
into an industria1,park with direct access from the bypass. Therefore, the impacts of the industrial park will be included as a secondary and cumulative impact of the roadway.
FIELD MEASUREMENTS
Field monitoring began in May 1999 and continued through October 2000. The primary goal of the measurements was to provide baseline data regarding water budget conditions in the watershed. To obtain detailed information, a series of gages were constructed. Seven (7) streamflow gages, two (2) rainfall gages, fifteen (15) deep monitoring wells, and forty-two (42) shallow piezometers, and one evaporation pan were placed within the watershed. Each gage was constructed with a continuously recording data logger that stored data on 15-minute intervals over the study period. Five flow gages (SF 2-1 through SF 2-5) were placed in Site #2, while two gages (SF 1-1 and SF 1-2) were constructed in the northern Site # I . See Figure 1 for schematic locations of the gages.
At each streamflow gage, a low flow weir was constructed to more accurately measure the flow rate in the tributaries. Each gage measured the water surface elevation at each weir at 15-minute intervals. Through application of the weir equation (for either triangular or rectangular weirs), the instantaneous flow rate within the channel was determined for each interval. Continuously recording data loggers measure the water surface elevation at 15-minute intervals at each streamflow gage.
The measured water surface elevations were then transformed into flow rates using sharpcrested weir equations or Manning's Equation for open channel flow. An increase in water surface elevation corresponds to an increase in flow rate in the channel. Analysis of this data yields the total volume of flow in the channel over time. This includes groundwater baseflow as well as direct surface water runoff. In order to determine the discrete volumes of runoff and baseflow during the course of the study, hydrograph separation techniques were utilized. After performing the baseflow separation for each storm at each gage, the total volume of runoff and groundwater baseflow was determined for the study period.
The measured yearly runoff and baseflow for the existing conditions will be used to verify the models and as the basis to evaluate the runoff expected for the proposed conditions.
PROPOSED CONDITIONS
Three proposed conditions were considered in this analysis: 1) Construction of highway bypass only; 2) Construction of highway bypass and an industrial park east of the Site #2 wetlands; and 3) Construction of highway bypass and an industrial park both east and west of the Site #2 wetlands. All altwnatives were analyzed without the benefit of stormwater management. This assumption was made in order to model the worst case scenario. Innovative stormwater management techniques may reduce the impacts of the proposed development.
Surface Water Modeling
The SCS TR-55 method (SCS. 1986) is used for the hydrologic analysis in accordance with the Maryland State Highway procedures. The TR-55 method is a procedure that estimates runoff and peak discharges in Small watersheds based on soils, plant cover, amount of impervious areas, interception, basin slope, surface storage and other watershed characteristics.
An analysis of the existing watershed conditions was performed utilizing topographic mapping and field observations. To estimate runoff depths for the proposed conditions, a scheme based on the TR-55 analysis was most appropriate. This was accomplished by distributing the measured runoff volume across the land uses identified for the existing conditions. This distribution was performed based on impervious area and CN.
For all existing land use conditions, the percent impervious was determined through observations and TR-55 parameters. For particular land uses, TR-55 assumes a specific percent impervious. For example, paved areas are 100% impervious, while industrial areas are 75% impervious. The pervious area was treated as open space following the separation of the impervious area.
For all impervious areas, all rainfall during the course of the year was assumed to become runoff. Therefore, the measured rainfall depth for the site during the year under study (121 cm) was transformed into a volume of runoff over the impervious area for the existing conditions. For example, 0.1 km2 of pavement will contribute a volume of 12.1 km2-cm of runoff to the measured volume at the gage. Similarly, the impervious portion of 0.1 km2 in Industrial land (0.075 km2) will contribute 9.1 km2-cm of runoff volume to the gage.
The total volume of runoff contributed by impervious areas for the existing conditions is determined for each gage. The volume contributed from the impervious areas is subtracted from the total volume of runoff measured at each gage for the year under study. This remaining volume of runoff is contributed from the pervious areas of the basin. This volume is distributed over the pervious areas using a ratio of the CN to the weighted GN for the pervious portions of the basin. The ratio is then multiplied by the average remaining runoff depth over the pervious area contributing to the basin. This yields the average remaining runoff depth over the year for each pervious land use category.
After developing yearly runoff estimates for each land use category, the runoff for the proposed conditions is estimated in a similar fashion. For all proposed cases, if an area of known existing condition is to remain, the runoff depth for these areas is assumed to remain unchanged. The resulting runoff depths for the developed conditions are shown in Table 1 .
The annual runoff generated from each proposed land use was estimated in a similar fashion as used for the existing conditions. For all impervious land areas, all rainfall is assumed to become runoff. The runoff from the remaining pervious areas was determined based on a weighting of the land use curve number compared to the existing conditions for each basin. Table 1 shows the estimated increase in runoff volume due to the development of Sites # I and #2. The runoff volumes presented here are used in the groundwater model to estimate the potential groundwater recharge.
Groundwater Modeling
Groundwater modeling was conducted with the modular finitedifference groundwater flow model (MODFLOW). MODFLOW was developed by the USGS to simulate common features in groundwater systems (McDonald and Harbaugh 1988; Harbaugh and McDonald 1996) . For this project, Visual MODFLOW (Waterloo Hydrogeologic, v 2.8.2.49) was used to set up and analyze the MODFLOW data sets.
It was decided to create one large groundwater model that encompassed all bog turtle habitat sites. Figure 1 shows the groundwater modeling area. Ridge lines along the southern and eastern boundaries were taken as noflow boundaries in the groundwater model because it is typical for the groundwater divides to closely follow the surface water divides in the study area (Devilbiss 2000) . These ridge lines correspond to the local and state roads shown in Figure 1 . The river that runs west of the three habitats makes the third model boundary.
Information for the groundwater model was obtained from several sources including local geologic reports, field measurements, and the surface water analyses. Limited geologic information was obtained from two municipal pumping wells located in the eastern, central part of the study area. Detailed soils analysis was performed in and around the wetlands in Site #2. In addition, drilling records were available for the 15 deep wells that were installed throughout the project area. The combination of this information was used to make assumptions regarding the model layer thickness and hydraulic properties. This limited volume of geologic information did not allow for the development of a transient groundwater model. Thus, a steady-state groundwater model was developed that analyzes the average annual groundwater elevation for the existing and proposed hydrologic conditions. Annual recharge was the primary hydrologic input into the groundwater model. Annual recharge for each land use condition was determined by subtracting the annual runoff and annual evapotranspiration from the annual precipitation recorded at the site.
Annual runoff and annual evapotranspiration were determined for each existing land use condition from field data. The proposed conditions groundwater model assumes that only the net recharge to the land surface will change for the developed conditions. Due to lack of detailed proposed condition information, changes in surface topography were not directly accounted for in the groundwater model. Increases in impervious area in the developed conditions will increase annual runoff and thus decrease annual recharge.
Matching the observed water budget was the primary focus of groundwater modeling because it was such a critical factor in the sustainability of the wetland habitat. Head values were calibrated using the average annual water level in the 15 deep monitoring wells. Relatively uniform conductivity values were used throughout the model, except in the discharge areas. Because many of the wetlands experience artesian and even "quick-sand conditions, the vertical conductivities in these regions were assumed to be equal to the horizontal conductivities.
The calibrated groundwater model produced the Layer #2 head values shown in Figure 2 . The majority of the groundwater table is located in Layer #2 -the weathered/fractured rock zone. The model slightly underestimates the baseflow.received in the upland areas of Site #2 and slightly ove downstream sub-basins of Site #2. This may be caused by the steep detailed hydraulic properties in and around the streambeds. In genera restimates the baseflow received in the local gradients and lack of resolution of I, the model is simulating approximately
The proposed conditions were modeled by adjusting the runoff, evapotranspiration, and ultimately net recharge received in the effected areas. All precipitation that falls on the impervious portion of the watershed is assumed to be lost as runoff without any benefit of infiltration or stormwater management.
While this is an extremely conservative assumption, it was made in order to model the worst case scenario.
The impacts of development on groundwater levels may be reduced with innovative infiltration practices.
Proposed Condition #1 (Bypass only) produced less than a 0.5 m change in the local groundwater model. This is negligible when the accuracy of the model is considered. Proposed conditions #2 (Bypass and eastern development) and #3 (Bypass and full development) produce significant impacts to the groundwater table within the area. In the southeast comer of the study area, the head values drop over 10 m in depth. Although the head values are not impacted at the wetlands themselves, the reduction in hydraulic head in the upland areas will dramatically reduce the groundwater discharge throughout the area. Existing artesian conditions in the wetlands may be adversely impacted by reduced head values. In addition, reductions in artesian conditions may impact the tuftle's ability to burrow below the ground surface. The streamflow gage just downstream of the wetland habitat will receive approximately 50% less recharge from the groundwater system. The reduction in groundwater discharge may also influence the temperature of the wetland habitats.
It is important to remember that these modeling alternatives represent a worst case modeling scenario. If the 2000 Maryland Stormwater Design Manual criteria which focus on water quality and quantity control are followed, impervious cover is minimized, and infiltration practices are encouraged, development related impacts may be reduced.
RECOMMENDATIONS
The results of this study have shown that extensive development without stormwater management in the upland areas will have a detrimental impact on the delicate wetlands. The best way to preserve a hydrologic balance in a watershed is to minimize the effects of land use change through the use of "Best Management Practices" or BMPs. BMPs typically reduce the after development peak discharge rate while providing some water quality benefits. Typical urban BMPs include wet ponds, dry (extended detention) ponds, shallow marsh ponds, infiltration practices, and runoff filtering practices. Because the bog turtle wetlands can be adversely affected by changes in hydrology, the BMPs recommended for consideration go beyond the requkem&@ in effect today.
To the extent possible, stormwater management plans for any development in the watersheds supporting bog turtle habitats should be comprehensive and watershed based. The focus of stormwater management in the upland areas should be on pretreatment, infiltration, and maintenance. Infiltration volumes provided after development should meet or exceed the predevelopment recharge volumes determined in this study. The information obtained in the surface and groundwater modeling will be used by local and state agencies in an effort to protect and sustain the bog turtle habitats.
The modeling information was combined with information gained in a biological study of the bog turtle by Frostburg State University and MDSHA to create a "Zone of Primary Hydrologic Influence." The "Zone of Primary Hydrologic Influence" contains a large portion of the upland watershed that drains to the bog turtle habitats. The idea behind the creation of the Zone was to insure that extreme care would be used in any planning and development activities within the Zone in order to maintain the bog turtle wetlands. The creation of the Zone of Primary Hydrologic Influence does not inhibit development from taking place, but it does list suggestions for state and local planners to follow when considering any development options. The maintenance of recharge and surface water flows within the Zone of Primary Hydrologic Influence are essential to the survival of the bog turtle wetlands. State and local agencies are currently trying to purchase or obtain easements for areas that fall within the Zone of Primary Hydrologic Influence to create a bog turtle preserve to help ensure that the hydrology of the bog turtle wetlands is maintained.
